Se presentan datos de radiación neta en todas las longitudes de onda promediados cada hora, registrados en una estación meteorológica situada en el campus de la Universidad Obafemi Awolowo, Ile-Ife (7.52º N, 4.52º E), Nigeria, durante un periodo completo de tres años (2010)(2011)(2012), para estudiar sus variaciones diurnas y estacionales. Esta información, obtenida con un radiómetro neto de alta sensibilidad de cuatro componentes, representa hasta hoy la información más consistente y detallada disponible para una localidad tropical de África Occidental. De acuerdo con los datos obtenidos, la radiación neta máxima ocurrió a las 14:00 LT (GMT + 1), y sus valores se incrementaron de manera considerable de 337.6 ± 146.4 Wm -2 en julio, que es el pico de la estación lluviosa, a 441.7 ± 82.4 Wm -2 durante marzo, en el final de la estación seca. En los meses de abril y octubre, que marcan el principio y fin de la estación lluviosa en Ile-Ife, se han registrado los valores más altos de radiación neta: 584.7 y 612.2 Wm -2 , respectivamente. Se observó una importante variación inter e intraestacional en los valores medios mensuales de radiación neta, debida principalmente a fluctuaciones de nubosidad y humedad. En el área de estudio, los datos revelaron la presencia de calentamiento radiativo neto en la superficie, cuya tendencia anual sigue una distribución bimodal. Los datos de este estudio respaldan los aportados por otros autores.
Introduction
The importance of reliable and continuous measurements of net all-wave radiation at the land surface cannot be overemphasized for fundamental research and applications in meteorology, as it determines the total amount of energy available for physical and biological processes such as evapotranspiration, air and soil warming. Particularly, net radiation data is required for modeling mass and energy exchange processes between the atmosphere and land surface (Arya, 1988; Iziomon et al., 2000; Foken 2008a) .
Net all-wave radiation at the surface can be determined as the algebraic sum of incoming and outgoing solar (shortwave, 0.15-4 mm) and atmospheric (longwave, 3-100 mm) radiation, which is expressed symbolically as:
where R N is the net (all-wave) radiation, R S ↓ is the in-coming shortwave (or solar) radiation, R S ↑ is the out-going (reflected) shortwave radiation, R L ↑ is the incoming long-wave (sky) radiation and R L ↓ is the outgoing (terrestrial) longwave radiation. R S ↓ is calculated from the sum of the horizontal beam and diffuse solar radiation (termed global radiation). The outgoing shortwave radiation R S ↑ is determined as the fraction of incoming radiation, which is reflected by the surface, that is,
where a is the surface reflection coefficient, which is termed albedo. Values of this parameter depend on the surface cover type, color, textural characteristics and wetness degree. Typically, for vegetative surfaces the value is between 0.16 for long grass and 0.25 for agricultural lands. Over bare soil surfaces, the range is between 0.05 for wet fallow field and 0.45 for dry sand (Arnfield, 1975; Arya, 1988) . The outgoing (terrestrial) longwave radiation, R L ↑ is given as a function of the fourth power of the surface temperature (the Stefan-Boltzmann's law). As such, R L ↑ shows a strong diurnal variation over most natural surfaces. Of the incoming longwave radiation, R L ↓ is found to be dependent primarily on temperature inhomogeneities in the boundary layer because of the high concentrations of water vapor and carbon dioxide, both of which are strong emitters of infrared (thermal) radiation (Viudez-Mora, 2011) . Both longwave radiation components, R L ↑ and R L ↓, are nearly of the same magnitude; hence the values of longwave radiation balance at the surface are usually small (Smith and Rutan, 2003) .
Net all-wave radiation R N measured at the surface, which is given by Eq. (1.), has distinctly contrasting values for daytime and nighttime conditions due to the absence/presence of solar radiation. In sub-tropical areas, due to the high intensity of incoming solar radiation (which is about 1000 Wm -2 at the local noon), the ratio of net longwave radiation (R L = R L ↓ + R L ↑) to net shortwave radiation (R S = R S ↓ + R S ↑), which depends on the degree of cloudiness, is roughly about 0.05 to 0.2 (Jegede, 1997a; Alados et al., 2003; Matuszko, 2012) . At nighttime, due to the absence of insolation, the terms representing shortwave radiation are absent, so that R S = 0. Therefore,
The measured net radiation is dependent on geographical location, time of the day, season, cloudiness, surface temperature, and type and conditions of the surface as indicated by albedo and emissivity (Augustine and Dutton, 2013; Matzinger et al., 2003) . Due to the fleeting nature of convective clouds and the highly humid conditions commonly occurring in tropical areas, there is a preponderance of the short-period (< 1 min) fluctuations superimposed on the mean net radiation (Jegede et al., 2006; Kothe and Ahrens, 2010) . There are several empirical relationships that can be used to estimate net radiation from routinely measured meteorological data including air temperature, insolation, cloudiness and relative humidity (e.g. Nielsen et al., 1981; Amarakoon and Chen, 1999) . A major disadvantage is that these empirical relationships are not accurate enough for sensitivity tests in the modeling of surface energy exchange processes (Alados et al., 2003) .
In the present study, continuous measurements of hourly-averaged net radiation data for Ile-Ife (7.52º N latitude, 4.52º E longitude), Nigeria by a four-component net radiometer (model NR01) recorded over a period of three years (2010) (2011) (2012) have been utilized for investigating temporal variations at a particular site located in a tropical area.
Net radiation at low latitudes in West Africa
In continental areas of West Africa below 15º N latitude, the sun is always high up in the sky at the local noon. The seasonal weather pattern is determined primarily by the latitudinal position of the inter-tropical discontinuity (ITD) line. The ITD line is where the moist southwesterly current, which originates in the Atlantic Ocean, and the dusty northeasterly winds coming from the Sahara desert (Adejokun, 1966) meet at the surface. The north-south (transverse) movement of the ITD line over West Africa is associated with distinct weather seasons within the sub-continent, namely the wet and dry seasons. Near the 7º N latitude both seasons are almost of equal duration throughout the year .
Despite relatively simple instrumentation for measuring net radiation at the land surface, the data is still scarce for most parts of West Africa (Jegede, 1997a (Jegede, , b, c, 2003 . The few net radiation datasets available for the region are collated from major field experiments such as the HAPEX-Sahel conducted in the West African Sahel (Goutourbe et al., 1994) . Availability of satellite derived net radiation data promises to complement the paucity of these measurements, even though such data does not have the spatial or temporal resolution that in situ net radiation sensors provide. The maintenance of net radiation measurements on a continuous long-time basis is expensive, so it is usually estimated (Nielsen et al., 1981) .
Analysis of net radiation data over continental West Africa by Ojo (1977) indicates a pattern of latitudinal variation such that there is an increase from coastal to inland areas throughout the year. In coastal areas -the latitudinal belt between 4º and 6º N-daily mean values of net radiation reported for January are about 80 Wm -2 , and they increase to 125 Wm -2 at about 16º N latitude. Due to increased cloudiness in July, the daily averages of the net radiation obtained were considerably lower, but the spatial patterns were similar. In a reanalysis by Hayward and Oguntoyinbo (1987) , spatial and temporal variations of the net radiation over West Africa correlate strongly with cloudiness and humidity. This observation supports the fact that the combined effects of cloudiness and a high mixing ratio are responsible for the lowering of net radiation values during the wet (monsoon) season (Kothe and Ahrens, 2010) .
In West Africa, daily averages of hourly net radiation vary considerably between seasons. Hourly net radiation data obtained for Osu (7.43º N, 4.58º E), Nigeria in 1995 and published by Jegede (1997a, b, c) indicated a period average during the wet season (typically, April-October) of 382 ± 136.7 Wm -2 , whereas this average was of 480.3 ± 61.8 Wm recorded in March and November, respectively. In the same study, the lowest value for the hourly maxima of net radiation (307.7 Wm -2 ) was recorded in July, which is the peak of the wet season at Osu. This result was attributed to the frequent occurrences of convective clouds during the month. This seasonal pattern of net radiation values is in agreement with earlier studies by Ojo (1977) and Hayward and Oguntoyinbo (1987) . Figure 1 shows the location of Ile-Ife (7.52º N, 4.52º E), Nigeria in the "tropical wet and dry" zone of West Africa according to the Köppen's classification (Griffiths, 1974) . Average annual precipitation ranges from 1000 to 1500 mm, and surface wind typically is weak, with a mean speed lower than 1.5 ms -1 (Hayward and Oguntoyinbo, 1987; Jegede, 1998) . Due to its proximity to the equator, the intensity of solar radiation received at Ile-Ife's surface is high all year round. From the hourly global radiation data at Ile-Ife, maxima is found at about 13:00 LT, with values of 1100 and 800 Wm -2 for March and August, respectively (Balogun et al., 2003) . A net radiometer was used to perform measurements of net radiation at the surface. Basically, there are two designs for net radiometer sensors: a double-dome radiometer that measures integrated all-wave (0.25-60 μm) radiation or a four-component device that measures individual components of the shortwave and longwave radiation (Duchon and Wilk, 1994 ). An example of the first type is the radiation energy balance systems (REBS). Improvements both in the design and the materials for such net radiometers allow for a systematic error of less than 10% of absolute values (Halldin and Lindroth, 1992; Foken, 2008b) . Measurements by the four-component net radiometers have better accuracy than REBS, especially at nighttime, when the magnitude of R N is low (< 20 Wm -2 ) (Foken, 2008b) . Net radiation data is presently being acquired at a meteorological station in the Obafemi Awolowo University campus (Fig. 2) , Ile-Ife (7.52º N, 4.52º E), Nigeria among many other meteorological variables, as part of the Nigeria Micrometeorological Experiment (NIMEX). Time series of the basic meteorological parameters are collected routinely on a continual basis at the measurement site located near the Department of Physics building. The surface cover of the measurement site is bare soil (the top soil is sandy clay) and the enclosure has an area of 11 × 11 m. In the surroundings of the measurement surface there is a low vegetation cover and in the far distance office buildings and tall trees obstruct the free flow of air to the measurement area.
Methodology
In the middle of the measurement area stands a 6 m mast supported by guy-wires, with meteorological sensors hanging from booms, such as cup anemometers, a wind-vane, a temperature and humidity sensor, and a REBS net radiometer (NR-LITE, manufactured by Kipp & Zonen B.V., Netherlands). Soil heat flux plates and thermistor soil temperature probes are buried in the ground at 5, 10, and 30 cm; and at 2, 5, 10, and 30 cm depths, respectively. A tipping bucket-type rain gauge was co-located at the station. All of these devices were connected to a dedicated datalogger (model CR10X, Campbell Scientific Instruments).
A four-component net radiometer (model NR01) was placed on a separate mast 1.3 m above the ground. This device consists of two pyranometers (model SR01) and two pyrgeometers (model IR01), both of which are back-facing, to measure the upwelling and downwelling shortwave and longwave radiation, respectively. All sensors have individual calibration factors. The sensitivities for the top and bottom pyranometers were specified as 15.74 and 15.60 μV/Wm -2 , respectively. For the IR01 pyrgeometers sensitivities were specified as 9. net radiometer was connected to a second CR10X datalogger using differential input channels for the voltage measurements to achieve better accuracy. Data acquisition by the NR01 was programmed using the LoggerNet ® software supplied by Campbell Scientific. The raw data were sampled at 10 s intervals and the time series stored as 2-min averages. For data consistency, net radiation acquired by NR01 was compared to the measurements made by the NR-LITE. All the net radiation 2-min averages were carefully checked for instrumental errors and out-range values. Stringent QA/QC procedure was introduced to remove spurious data and replace missing values. The net radiation measurements acquired for this study covered the period from January 2010 to December 2012.
Discussion
The diurnal variation of net radiation at Ile-Ife, Nigeria from January to December, for 2010, 2011 and 2012, is shown in Figure 3a , b, c, respectively. Hourly averages of net radiation, together with the corresponding values of the standard deviation (SD) are plotted in this figure. In accordance with the sign convention chosen, the positive values of R N are indicative of radiative heating occurring at the surface, while the converse holds true for negative values (i.e. radiative cooling). At this location, from midnight to about 07:00 LT (GMT + 1), values of net radiation are negative and fairly constant. The measured values are found to be within -50 and -20 Wm -2 , thus indicating radiative cooling at the surface during this period. Beyond 07:00 LT the net radiation is positive and the values increase monotonically as the sun rises overhead until about 14:00 LT, when it reaches the local maxima. Later, as the sun is setting, the magnitude of net radiation drops steadily until about 19:00 LT, when its sign changes again to negative values. At the studied location (7.52º N), sunrise and sunset times are approximately 07:00 and 19:00 LT, respectively. The magnitude of the maxima for the hourly averaged net radiation values (Figure 3 ) from January to December (2010-2012) was observed to vary in accordance with the change of dry to wet season (November-March and April-October, respectively) at Ile-Ife. For instance, in January, which is the peak of the dry season in the area, highly turbid atmospheric conditions (arising from dusty spells of wind-blown aeolian aerosols of Saharan origin, known locally as harmattan) result in low values of daytime net radiation. The net radiation value at 14:00 LT for January was 331.6 ± 54.3 Wm -2 , which evidently was the lowest of the year. The following months, February and March are transitional between dry and wet season, with occasional showers leading to marked reduction in turbidity. Consequently, net radiation maxima at the location for both months increased considerably to 417.1 ± 91.3 Wm -2 and 441.7 ± 82.4 Wm -2 . In April and May, when the wet (rainy) season was well established at the location, the maximum daytime net radiation values increased to 454.4 ± 122.3 Wm -2 and 460.7 ± 134.8 Wm -2 , respectively. At the peak of the wet season in July-August, due to frequent thunderstorm activities that accompany the formation of cumulonimbus clouds (Cbs), the lowest amounts reported were 337.6 ± 146.7 Wm -2 and 339.7 ± 118.2 Wm -2 , respectively. It is remarkable that the tendency and range of values of net radiation in Ile-Ife are in good agreement to the measurements reported earlier by Jegede (1997b Jegede ( , c, 2003 at Osu, a nearby location. Figure 4 shows hourly average values for net radiation during the whole year and the wet and dry seasons at the measurement site during the period of observation (2010) (2011) (2012) . It can be observed from Figure 4 that the fluctuation (SD) of net radiation is up to 150 Wm -2 in the daytime during the wet season. . Though hourly averaged values of net radiation during the wet season are lower than in the dry months, the larger fluctuations can be attributed to frequently occurring cloudy conditions (Jegede et al., 2006) . In daytime periods, the difference between hourly-averaged values of net radiation in the dry and wet seasons falls between 0 and 20 Wm -2 . However, at sunrise and sunset, a difference of up to 35 Wm -2 was observed. Generally, the hourly averaged values of net radiation for the wet season are higher except between 11:00 and 14:00 L.T., when a reversal was observed. This feature is most probably due to the increased cloudiness during these hours, thereby resulting in reduced values of net radiation in the wet season. From the annual average of net radiation (shown in Fig. 4c ), daytime (08:00-18:00 LT) values ranged between 45.8 ± 39.8 Wm -2 and 400.9 ± 104.4 Wm -2 . For nighttime periods (20:00-06:00 LT), the corresponding values ranged between -40.9 ± 11.7 Wm -2 and -22.2 ± 10.0 Wm -2 . Table I shows the hourly averaged values of net radiation (R N ) at Ile-Ife for the period 2010-2012, which indicate that maximum net radiation occurs at about 13:00 LT (GMT + 1) and reaches peak values of about 400 Wm -2 ; the corresponding SD value is about 72 Wm -2 for the observation period (2010) (2011) (2012) . Fluctuation of the diurnal trend of net radiation is very pronounced during the wet (monsoon) season, as shown in Figure 4 . The intermittency of incoming solar radiation is attributable mainly to the transient nature of convective clouds, which arise due to intense surface heating from the late morning hours (Adejokun, 1966) . However, during the dry season, the thermodynamic structure of lower troposphere inhibits the development and growth of convective clouds, hence a lower fluctuation of hourly averages of net radiation is recorded. "Box and whisker" plots of hourly averaged values of net radiation for January to December at the study site are presented in Figure 5 , whose statistical distribution contains the following scores: quartiles (25th and 75th percentiles), median (50th percentile), mean, minimum and maximum values. From the box plots for April and October, both of which mark the beginning and end of the raining season at Ile-Ife, the highest hourly averaged values of net radiation are reported to be 584.7 and 612.2 Wm -2 , respectively. Similarly, the interquartile range (25th-75th) for April and October was found to be the largest.
From the monthly means of net radiation, October also recorded the highest value (112.4 Wm -2 ), while the lowest value (50.7 Wm -2 ) was found in January. At the peak of the rainy season (July-August) the monthly mean values of net radiation were 82.3 and 78.4 Wm -2 , respectively. The low value of net radiation reported in July-August is due to cloudy conditions during the daytime. The observed trend of monthly mean values of net radiation in West Africa, which is bimodal, is in agreement with findings by Ojo (1977) , Hayward and Oguntoyinbo (1987) and Jegede (1997a, b, c) .
The monthly mean values of net radiation have been used to investigate whether there was a net radiative cooling or heating at the surface of the study site. The monthly averaged values of net radiation shown in Figure 6 indicate that throughout the year there was cooling at the surface in nighttimes/early mornings (19:00-07:00 LT), but there was a consistent heating of larger magnitude during daytime (08:00-18:00 LT). In May and October the largest recorded values of net radiative heating at the surface were 120.7 and 123.1 Wm -2 , respectively. The surface radiative cooling was dominant during the dry months, November to March, with period average values ranging between -13.5 and -17.0 Wm -2 . Therefore, radiative heating at the surface was far in excess of the cooling for all months, which suggests 0 -28.6 ± 10.7 -30.9 ± 13.3 -31.9 ± 10.5 -30.5 1 -26.3 ± 9.9 -28.6 ± 12.5 -29.6 ± 9.9 -28.2 2 -25.6 ± 10.4 -26.6 ± 12.6 -28.6 ± 9.4 -26.9 3 -21.4 ± 9.1 -22.2 ± 11.2 -25.9 ± 7.5 -23.2 4 -22.8 ± 9.3 -24.4 ± 11.7 -26.0 ± 8. an accumulation of radiative heat at the location. This feature can be linked to the intense solar radiation input at the surface that is common for tropical/ sub-tropical areas (Holton and Hakim, 2012) . In IleIfe, the hourly maximum value of global radiation, R S ↓ was higher than 1000 Wm -2 (Balogun et al., 2003) . In general, this study found a predominance of radiative heating at the surface for the location, with January showing the lowest value (50.7 Wm -2 ) and May the highest (108.3 Wm -2 ).
Conclusions
This study has established that the short-period (< 1 hour) variability of hourly averaged values of net radiation is larger in the wet season than in the dry season, which is attributable to increased cloudiness and humidity, as well as a dynamically unstable atmosphere.
The monthly mean values of net radiation showed both strong intra and inter-seasonal variations, and its annual trend follows a bimodal distribution. From hourly averaged data, radiative heating at the surface was found to be far in excess of radiative cooling, thus suggesting accumulation of heat (the daily budget indicated a net gain of radiative energy). To date, the net all-wave radiation data for Ile-Ife used in this study is almost certainly the most consistent and detailed data available for a tropical location in West Africa.
